Ambrosia beetles in the cryptic species complex Euwallacea nr. fornicatus vector a fungal pathogen responsible for Fusarium dieback, a disease that impacts avocado (Persea americana), woody ornamentals, and numerous native trees in the USA (California, Florida), Israel, and other countries. Currently, these pests are detected with quercivorol lures (containing p-menth-2-en-1-ol isomers), but recent research identified an essential oil enriched in (-)-α-copaene as a new attractant. In this study, lure longevity and efficacy were assessed in three 12-week field tests conducted in Florida by deploying traps baited with quercivorol, α-copaene, and a combination of the two. A fourth test compared different formulations of quercivorol. Concurrent with field experiments, gas chromatographic analyses were conducted to quantify initial lure contents as well as volatile emissions from lures field-aged for 12 weeks. In all tests, the lure combination captured significantly more E. nr. fornicatus than the individual lures; and in two trials, synergistic attraction was observed. Field life of the combination lure was 12 weeks; longevity of single lures varied from 9 to 12 weeks. Twelve terpenoids were detected from the α-copaene-enriched oil, suggesting there may be additional attractants. Analysis of the quercivorol lure showed it contained 88% trans-and 9% cis-p-menth-2-en-1-ol. Results indicate that the combination of quercivorol and α-copaene provides a long-lasting, effective lure for early detection of E. nr. fornicatus in Florida. Further research is needed to determine which isomer of p-menth-2-en-1-ol is attractive to Florida E. nr. fornicatus, and if other members of the species complex are attracted to (-)-α-copaene.
Introduction
Ambrosia beetles (Coleoptera: Curculionidae: Scolytinae and Platypodinae) are among the most frequently intercepted non-native insects at ports of entry in the USA , and several have become serious pests in forests, orchards, and nursery ornamentals (Hulcr and Dunn 2011) . Native ambrosia beetles rarely cause injury to healthy trees, preferring to colonize stressed or dying trees that emit ethanol. As they bore into the xylem, females inoculate the gallery with conidia of their symbiotic fungi that are carried in mandibular or thoracic mycangial pits. The fungi growing in the galleries serve as the sole food source for both larvae and adults. In their native habitats, ambrosia beetles play an important role in maintaining overall forest health; they are one of the first insects to colonize dying trees, facilitating wood biodegradation.
Exotic ambrosia beetles sometimes interact with new naïve hosts in unpredictable ways. One particularly striking example is that of the redbay ambrosia beetle, Xyleborus glabratus Eichhoff, first detected in the USA in 2002 (Rabaglia et al. 2006) . Ecologically, X. glabratus functions as a primary colonizer, attacking apparently healthy trees in the Lauraceae, an unusual host restriction and attack pattern for ambrosia beetles Kendra et al. 2014a) . Its most prevalent symbiont, Raffaelea lauricola T. C. Harr., Fraedrich & Aghayeva (Ophiostomatales: Ophiostomataceae), is the causal agent of laurel wilt . Systemic colonization of host xylem by R. lauricola triggers a defensive response which results in formation of tyloses, compromised water transport, and ultimately tree death (Inch et al. 2012; Ploetz et al. 2017a, b) . Since 2002, millions of native bay trees (Persea spp.) have been killed in southeastern US forests (USDA-FS 2017) , and 44,000 avocado trees (Persea americana Mill.) have succumbed in Florida (Florida Avocado Admin. Comm., Pybas D, personal comm.) .
A second example, with greater global impact, is that of the invasive Euwallacea shot hole borers. In 2003 and 2004, ambrosia beetles morphologically indistinguishable from the Asian Euwallacea fornicatus Eichhoff were detected in California and Florida (Rabaglia et al. 2006) , followed by detections in Israel , Australia (Campbell and Geering 2011) , and most recently Mexico (García-Avila et al. 2016) . The primary symbionts of Euwallacea spp. are Fusarium spp. fungi (Hypocreales: Nectriaceae), some of which destroy functional xylem around the galleries, impairing water conduction and causing Fusarium dieback disease . Molecular investigations of these beetles and their symbionts determined that populations from different geographic locations possess sufficient genetic diversity to constitute a cryptic species complex (collectively referred to as E. nr. fornicatus; Kasson et al. 2013; O'Donnell et al. 2015) . The type species, the tea shot hole borer (TSHB), is a primary pest of tea, Camellia sinensis (L.) Kuntze (Ericales: Theaceae) (King 1940) . Females prefer to bore into stems less than 20 mm in diameter (Hazarika et al. 2009 ), causing severe reduction in growth of tender foliage, the stage at which tea is harvested. In addition to tea, plant species from 35 families have been recorded as hosts of TSHB (Danthanarayana 1968) .
Two distinct populations (species) of E. nr. fornicatus now exist in southern California, assigned the common names polyphagous shot hole borer (PSHB) and Kuroshio shot hole borer (KSHB) Boland 2016) . Like X. glabratus, PSHB and KSHB attack living hosts and vector pathogenic fungal symbionts, threatening native forests, urban landscapes, and the avocado industry. However, the California species have a more extensive host range, encompassing at least 60 phylogenetically diverse species (Eskalen 2017) , including box elder (Acer negundo L., Sapindaceae), castorbean (Ricinus communis L., Euphorbaceae), California live oak (Quercus agrifolia Nee, Fagaceae), and red willow (Salix laevigata Bebb, Salicaceae); mass attacks can occur on the trunk and large branches of some hosts, resulting in tree mortality. With avocado, females tend to concentrate attacks near the base of secondary branches, causing localized lesions and branch death. Live, infested branches can also break under their own weight, particularly when in fruit, further reducing yields . Consequently, PSHB and KSHB pose a significant ecological threat to forest ecosystems in the western USA and Mexico, as well as an economic threat to avocado production [valued at 295.9 million USD in California (USDA-NASS 2017);1.1 billion USD in Mexico (SIAP 2015)] .
A third distinct population, recently determined to be more closely aligned with TSHB , is established in southern Florida. Although detected more than a decade ago, and reported from various hosts including ornamental royal poinciana [Delonix regia (Boj. ex Hook) Raf., Fabaceae], native species like swampbay [Persea palustris (Raf.) Sarg., Lauraceae] and wild tamarind [Lysiloma latisiliquum (L.) Benth., Fabaceae], and fruit crops such as avocado and mango (Mangifera indica L., Anacardiaceae), this species has been relatively uncommon and did not warrant pest status (Rabaglia et al. 2006; Carrillo et al. 2012 Carrillo et al. , 2016 Owens et al. 2018) . However, the situation changed in 2016 when increasing numbers of E. nr. fornicatus were found in commercial avocado groves of MiamiDade County, FL Kendra et al. 2017) . The state's avocado industry (19.1 million USD; USDA-NASS 2017), already heavily impacted by laurel wilt, now faces a new threat with Fusarium dieback. Initial research indicates that topical insecticides are unlikely to provide effective management of Euwallacea spp. pests, as applications have limited efficacy and deterrence of new attacks is ephemeral .
Understanding the chemical ecology of dispersing E. nr. fornicatus females should facilitate development of effective detection systems, a key element for integrated pest management. Like other members within the tribe Xyleborini (subfamily Scolytinae), E. nr. fornicatus does not appear to utilize long-range attractive pheromones, as flightless males typically mate with their siblings (consanguineous polygyny) before females leave the brood gallery . However, in 2015, lures containing quercivorol [(1S, 4R)-p-menth-2-en-1-ol], the aggregation pheromone of Platypus quercivorus Murayama (Coleoptera: Curculionidae: Platypodinae) (Kashiwagi et al. 2006) , were found to be attractive to E. nr. fornicatus in Florida , and subsequently in California (Dodge et al. 2017) . Also in 2015, in a field test evaluating attractants for redbay ambrosia beetle (Kendra et al. 2015a ), E. nr. fornicatus was intercepted in traps baited with an essential oil enriched in the sesquiterpene (-)-α-copaene (Kendra et al. 2016a ). Subsequent research indicated that combining α-copaene with quercivorol increased captures of E. nr. fornicatus . [Note on nomenclature: The common name 'quercivorol' was applied exclusively to the isomer (1S, 4R)-p-menth-2-en-1-ol (Kashiwagi et al. 2006 ), but commercial lures contain a mixture of four isomers. To be consistent with previous entomological literature Byers et al. 2017; Dodge et al. 2017; Kendra et al. 2017) , commercial lures for E. nr. fornicatus will be referred to as quercivorol lures in this report. Our discussion of the lure contents will address diastereomers of p-menth-2-en-1-ol].
The objectives of the current study were to evaluate quercivorol and α-copaene lures to (1) determine their detection efficacy and field longevity, deployed separately and in tandem, at sites that differed in population levels of E. nr. fornicatus, (2) quantify lure emissions over time and relate those data to field captures, and (3) analyze the lure constituents, potentially providing insight into additional attractive kairomones. While our initial tests were underway, the lure manufacturer modified the quercivorol formulation from a high-dose bubble lure to a low-dose mini-bubble. Therefore, we conducted additional tests to compare field performance and volatile emissions of these two formulations.
Materials and methods

Lures and traps
All field tests and laboratory analyses were conducted using plastic bubble lures (Synergy Semiochemicals Corp., Burnaby, BC, Canada). Treatments consisted of 50% α-copaene oil (2.0 mL loaded into a 2.9-cm-diameter bubble; product # 3302), high-dose quercivorol (290 mg in the standard 2.9-cm-diameter bubble; product # 3361), and lowdose quercivorol (97 mg in the new 1.2-cm-diameter 'mini'-bubble; product # 3402). Previous field tests, including those targeting E. nr. fornicatus, demonstrated that sticky panel traps were more effective than comparably baited Lindgren funnel traps for capture of in-flight ambrosia beetles . Therefore, the current tests were conducted with bubble lures fastened above sticky traps constructed as described in Kendra et al. (2012) . In brief, lures were attached to the bend of an S-shaped wire hanger and two sticky panels (Sentry wing trap bottoms, Great Lakes IPM Inc., Vestaburg, MI, USA) were hooked back-to-back from the bottom of the hanger. A control treatment consisted of an unbaited trap assembly. The wire hanger was inserted through the center of an inverted clear plastic plate (24 cm diameter) to serve as a rain shield that was taped in place just above the lures.
Field evaluations
Since populations of E. nr. fornicatus in Florida are more highly concentrated in avocado groves, all field trials were conducted in commercial groves in Miami-Dade County. Three replicate tests (at different sites) evaluated longevity of the field lures, presented alone and in combination; a fourth test directly compared efficacy of the two formulations of quercivorol. Field test 1 used the α-copaene lure, the high-dose quercivorol lure, a combination of these two lures, and an unbaited control. It was conducted from September 8 to December 1, 2016 (12 weeks) in a grove (25°30′22.17″N, 80°29′21.96″W) that was free of laurel wilt, but had a prior history of damaging populations of E. nr. fornicatus . The grove had a mixture of six different avocado cultivars, but beetles preferentially colonized cv. 'Donnie' . Traps were hung only in rows containing 'Donnie' trees, spaced a minimum of 12 m apart within a replicate, and 15 m apart within replicate blocks (effective range of the standard quercivorol lures has been estimated to be < 3 m; Byers et al. 2017) .
Field test 2 used the same four treatments as test 1, but was conducted in a grove (25°35′53.67″N, 80°27′50.68″W) that was heavily damaged by laurel wilt disease. There was minimal management at this grove; thus, the site had much higher numbers of bark and ambrosia beetles than site 1. This test was conducted for 12 weeks, from October 20, 2016 to January 12, 2017.
Field test 3 was conducted from February 17 to May 12, 2017 (12 weeks) in another grove (25°29′58.42″N, 80°29′19.80″W) affected by laurel wilt which had extremely high levels of E. nr. fornicatus. However, unlike at site two, the grove manager at this site practiced better sanitation, with prompt removal of trees symptomatic for laurel wilt. Treatments for this test consisted of the α-copaene lure, the new low-dose quercivorol lure, and a combination of the two (it did not include the α-copaene-only treatment).
Field test 4 was conducted at the same site as test 3, from May 16 to June 27, 2017 (6 weeks), and compared captures with six treatments: the α-copaene lure, the high-and lowdose quercivorol lures deployed alone and in combination with the α-copaene lure, and an unbaited control. For field tests 2-4, trap spacing was comparable to that described for field test 1. In each test, treatments were arranged in five linear replicates of a randomized complete block design. As in previous field trials with ambrosia beetles, traps were hung from branches well shaded by the canopy, at a height of ~ 1.5 m above ground (Kendra et al. , 2014b Brar et al. 2012; Owens et al. 2017) , consistent with a mean flight height of 1.24 m reported for PSHB (Byers et al. 2017) .
At weekly intervals, traps were rotated sequentially within each block and sticky panels collected/replaced such that by the end of the 12 week tests (tests 1, 2, 3), each lure had occupied the same position within a replicate block three times; with the 6 week test (test 4), each lure completed 2 full rotations through each position within a block. Panels were returned to the Subtropical Horticulture Research Station (SHRS; Miami, FL, USA) where beetles were removed and cleaned with a histological clearing agent (Histo-clear II, National Diagnostics, Atlanta, GA, USA), and stored in 70% ethanol. With the exception of Hypothenemus spp., all specimens within the Scolytinae and Platypodinae from field tests 1-3 were identified to species level according to Rabaglia et al. (2006) and Atkinson et al. (2013) . For field test 4, only specimens of E. nr. fornicatus were tallied.
Chemical analysis
Lures of quercivorol (high-dose, lot # 160215) and α-copaene (lot # 160511), three replicates of each, were hung from trap assemblies (as described above) in a linear array within an avocado grove at SHRS and field-aged for 12 weeks from August 29 to November 21, 2016. A second set of quercivorol lures (high-dose, lot # 160726, three replicates) were placed in the grove from November 17, 2016 to February 8, 2017. A third set of quercivorol lures (low-dose, lot # 111816, three replicates) was deployed from February 7 to May 1, 2017. With all three batches, lures were removed from the field at regular intervals for analysis of volatile emissions following established procedures (Kendra et al. , 2016b . Briefly, lures were placed in glass cylinders (10 cm diameter × 44 cm length), purified air was maintained at a flow rate of 1 L per min, and volatiles were collected in traps containing super-Q adsorbant (Analystical Research Systems, Gainesville, FL, USA). After 15 min, filters were removed and volatiles eluted with 200 μL methylene chloride (99.8% pure, Avantor Performance Materials, Inc., Center Valley, PA, USA). Hexadecane was added to each sample as an internal standard to make a final solution of 2.5 μg/μL sample. Upon completion of volatile extractions, lures were returned to the field and rotated sequentially among field positions, comparable to the procedure used for field tests. For each of the three sampling periods, environmental data (mean daily temperature, wind speed, and precipitation) were obtained from a weather station adjacent to SHRS (Kings Bay, Pinecrest, FL; https ://www.wunde rgrou nd.com/weath er/us/fl/kings -bay).
To determine the chemical contents of lures, oil was extracted from fresh α-copaene and quercivorol lures (high-dose, lot # 160726), three replicates of each. Oil was diluted in methylene chloride in a 1:1000 ratio for analysis by gas chromatography-mass spectrometry (GC-MS) and gas chromatography-flame ionization detection (GC-FID). All samples (headspace volatiles and lure oil) were analyzed with a GC-FID (Thermoquest Trace GC 2000, Austin, TX, USA) equipped with a DB5-MS capillary column (25 m × 0.25 mm × 0.25 μm, Agilent Technologies, Santa Clara, CA, USA). GC method parameters for oil analysis are as follows: helium as carrier gas (1.3 mL min −1 ), split less, injection temperature 225 °C, FID temperature 250 °C and oven temperature programmed 40-94 °C at 5 °C min −1 , then increasing at 2 °C min −1 to 180 °C, and lastly increasing at 20 °C min −1 to 240 °C. Oven parameters for headspace volatile analysis were 50-130 °C at a rate of 15 °C min −1 , then from 130 to 220 °C at 10° min −1 , and the final temperature was held for 4 min.
Lure contents were analyzed by GC-MS using an Agilent 5975B (Agilent Technologies) system equipped with a DB5-MS column. The carrier gas was helium, with a flow rate of 1.3 mL min −1 . GC oven temperature was kept at 45 °C for 1 min and programmed to 94 °C at a rate of 4 °C min −1 , and increased to 180 °C at a rate of 2 °C min −1 , and lastly increasing at 20 °C min −1 to 240 °C. The PTV injector temperature was 200 °C. Mass spectra were recorded at 70 eV. Mass range was m/z 35-450, ion source temperature was 230 °C, and the scan rate was 2.8 s −1 .
Enantio-GC analysis
Chiral analyses were carried out with an Rt-βDEXse 30 m, 0.32 mm × 0.25 μm column (Restek Corporation, Bellefonte, PA, USA) using a Trace GC Ultra (Thermo Scientific, Waltham, MA USA). Helium was used as a carrier gas at 1.2 mL min −1 . The samples were analyzed with a split ratio of 10:1. The injector and FID temperatures were 225 and 230 °C, respectively. Temperature program was as follows: for α-copaene, 40 °C, and programmed at a rate of 4 °C min −1 to 220 °C for 10 min; for quercivorol, 40 °C, and programmed at a rate of 2 °C min -1 to 220 °C for 10 min.
Solid-phase microextraction
In order to identify and confirm the enantiomeric composition of α-copaene, the ethanolic extract of Cedrela odorata L. (Meliaceae) was purchased (HawaiiPharm LLC, Honolulu, HI, USA); volatiles were collected by solidphase microextraction (SPME) fiber coated with 100 μm polydimethylsiloxane (PDMS, Supelco Inc. Bellefonte, PA, USA). The extract was placed in a 15-mL amber vial. The vial was then sealed with plastic film and left at 40 °C for 10 min for equilibration of volatiles in the headspace. After equilibration, the film was pierced with the SPME needle and the fiber exposed to the sample headspace (HS-SPME) for 30 min at 40 °C. The fiber was then inserted into the injector port of the GC-MS for desorption 2 min. HS-SPME and subsequent analyses were performed in triplicate.
Identification of volatile compounds
Relative percentages of the separated compounds were calculated from integration of the peak areas in the GC-FID chromatograms. MassHunter software (B.07.02, Agilent Technologies, Santa Clara, CA, USA) was used for identifying the compounds. The identification of volatile compounds was based on the comparison of retention times with those of authenticated samples of α-copaene (Cas # 3856-25-5, Fluka Chemical Co., Buchs, SG, Switzerland), β-elemene (Cas # 515-13-9, LKT Laboratories Inc., Saint Paul, MN, USA), β-caryophyllene (Cas # 87-44-5, Sigma-Aldrich, St. Louis, MO, USA), α-humulene (Cas # 6753-98-6, SigmaAldrich, St. Louis, MO, USA), alloaromadendrene (Cas # 25246-27-9, Sigma-Aldrich, St. Louis, MO, USA), caryophyllene oxide (Cas # 1139-30-6, Sigma-Aldrich, St. Louis, MO, USA), α-phellandrene (Cas # 99-83-2, Sigma-Aldrich, St. Louis, MO, USA)] and computer matching against commercial [NIST (2017), Adams Library (Adams 2007), Flavors and Fragrances of Natural and Synthetic Compounds 3 (FFNSC#, 2015) ] and our own library 'SHRS, DB5-MS Essential Oil Constituents' compiled from pure substances and components of known oils Carroll et al. 2011; Ali et al. 2013; Blythe et al. 2016; Kendra et al. 2017) . Arithmetic retention indices (AI) were determined with the use of the retention times of a series of n-alkanes (C5-C25) that eluted over the whole span of the chromatogram and calculated according to the method of van den Dool and Kratz (1963) .
Data analysis
Data from field tests were analyzed with analysis of variance (ANOVA); significant ANOVAs were then followed by mean separation with Tukey HSD test. When necessary, data were square root (x + 0.5)-transformed to stabilize variance prior to analysis. For field tests 1, 2, and 4, the individual trap captures with α-copaene and quercivorol lures were summed and compared to the captures obtained with the combination lure; analysis by t test was then used to assess for synergistic responses (defined as significantly higher captures with the combination lure as compared to summed captures with lures deployed separately). All analyses were conducted using Systat Software (2013). Unless noted otherwise, results are presented as mean ± SEM; probability was considered significant at a critical level of α = 0.05.
Results
Field tests
In all field tests, the combination of quercivorol and α-copaene captured significantly more E. nr. fornicatus than other treatments (test 1: F 3,16 = 44.27, P < 0.001, Fig. 1a ; test 2: F 3,16 = 46.16, P < 0.001, Fig. 1c ; test 3: F 2,12 = 180.67, P < 0.001, Fig. 1e ; and test 4: F 5,24 = 31.79, P < 0.001, Fig. 2 ). The single quercivorol and α-copaene treatments resulted in equivalent captures in field tests 1 and 2 (Fig. 1a, c) ; but in field test 4, the quercivorol mini-bubble captured more beetles than α-copaene (Fig. 2) . Field test 4 also provided a direct comparison of the two quercivorol formulations, indicating there was no decrease in mean captures of E. nr. fornicatus with the reduced dose emitted by the mini-bubble; this was observed with quercivorol lures deployed individually or in combination with α-copaene (Fig. 2) . In field test 1, the combination of quercivorol and α-copaene resulted in an additive effect on captures of E. nr. fornicatus, but no synergistic increase (t = 2.090, df = 8, P = 0.070). However, a synergistic increase in captures was observed with the combination lure in field tests 2 and 4, including both formulations of quercivorol (test 2: t = 2.915, df = 8, P = 0.019; test 4, high-dose: t = 2.338, df = 8, P = 0.010; test 4, low-dose: t = 2.349, df = 8, P = 0.047).
When summed captures were plotted by week, all three lures reflected similar population trends during field test 1. The combination lure and the α-copaene lure captured comparable numbers of beetles up through week 12; however, the quercivorol lure appeared to lose efficacy after week 9 (Fig. 1b) . In field test 2, quercivorol and α-copaene-baited traps caught similar numbers of E. nr. fornicatus throughout the test, but captures were no different than those of the unbaited control during the final week of the experiment. The combination lure captured the highest number of beetles at every weekly sampling point, and indicated three flight peaks during the 12-week test (Fig. 1d) . In field test 3, captures with the quercivorol mini-bubble were less than those of the combination, but the low-dose lure achieved sustained high captures of E. nr. fornicatus for the duration of the test (Fig. 1f) . The E. nr. fornicatus populations observed in field tests 3 and 4 were much greater than any documented previously in Florida avocado groves Kendra et al. 2017) .
Non-target bark and ambrosia beetle captures were variable, depending on the field site (Table 1 ). In field test 1, conducted in a healthy well-maintained grove, non-target captures were relatively low, comprising 15.6% of the total captures. The predominant non-target scolytine was Ambrosiodmus devexulus (Wood), and it was captured more frequently in traps baited with α-copaene or the combination of α-copaene and quercivorol (F 3,16 = 15.230, P < 0.001, Fig. 3a) .
In field test 2, greater numbers of non-targets were captured due to the presence of numerous dead and laurel wiltinfected avocado trees adjacent to the study site. Although E. nr. fornicatus was the dominant species, 59.2% of the total captures were non-target beetles. Species caught in significant numbers included A. devexulus, Xyleborinus saxesenii (Ratzeburg), Xyleborus affinis Eichhoff, Xyleborus bispinatus Eichhoff, Xyleborus volvulus (Fabricius), and Xylosandrus crassiusculus (Motschulsky). However, only captures of A. devexulus varied among treatments, with the highest captures obtained in traps baited with α-copaene (F 3,16 = 7.347, P = 0.003, Fig. 3b ). Two X. glabratus were also captured in treatments containing α-copaene. In addition, this test included captures of the platypodine ambrosia beetle, Euplatypus parallelus (Fabricius), a species not encountered at the other two sites.
In field test 3, non-target scolytines comprised a very low percentage of the captures (only 1.8%), due in part to the extremely large numbers of E. nr. fornicatus present, and in part to the lack of dead and moribund trees which could serve as potential breeding substrates for secondary colonizers. As observed in previous field tests, more A. devexulus were captured with traps that included α-copaene (F 2,12 = 6.058, P = 0.015, Fig. 3c ), and this attractant also resulted in detection of a single X. glabratus. More Theoborus ricini (Eggers) were caught with the quercivorol and combination treatments than with the control treatment (F 2,12 = 20.467, P < 0.001, Fig. 3d ), and captures of this species were much greater than in previous tests.
Temporal analysis of lure emissions
Volatile emissions from the α-copaene lure decreased rapidly for the first 4 weeks after field exposure, but then stabilized at a low but constant release rate for the duration of (Fig. 4a) . In contrast, emissions from the first set of quercivorol lures (high-dose, lot # 160215, used in field test 1) decreased steadily for 7 weeks after field exposure, and the dispensers appeared to be depleted of oil by the end of week 8, at which point quercivorol could no longer be detected with our sampling methods. Quercivorol emissions were best fit with the exponential decay model y = 20.52e (−0.04x) , R 2 = 0.89 (Fig. 4b) . Mean daily environmental conditions during this first sampling period were as follows-temperature (°C): mean = 25.67 ± 0.28, high = 30.16 ± 0.25, low = 21.59 ± 0.34; wind speed (m/s): mean = 3.05 ± 0.16, high = 7.16 ± 0.23; precipitation (cm): mean = 0.55 ± 0.14.
With the second set of quercivorol lures (high-dose, lot # 160511, used in field tests 2 and 4), emissions again dropped rapidly over the first 7-8 weeks, but could still be detected at very low levels during the final 3 weeks of analysis. Emissions from these lures followed the exponential decay model y = 16.82e (−0.05x) , R 2 = 0.89 (Fig. 4c) . Mean daily environmental conditions during the second sampling period were as follows-temperature (°C): mean = 22.21 ± 0.32, high = 26.89 ± 0.26, low = 17.42 ± 0.43; wind speed (m/s): mean = 3.20 ± 0.18, high = 7.10 ± 0.25; precipitation (cm): mean = 0.14 ± 0.04.
The change to a low-dose, small diameter bubble (used in field tests 3 and 4) resulted in sustained, very low-level emissions of quercivorol, again best described by an exponential decay model, y = 0.60e (−0.02x) , R 2 = 0.83 (Fig. 4d) . Emission rates quantified from the mini-bubble lures were comparable to those observed with the high-dose lures (second batch) during their last 4 weeks of field deployment. Mean daily environmental conditions during the third sampling period were as follows-temperature (°C): mean = 23.12 ± 0.26, high = 28.33 ± 0.22, low = 18.15 ± 0.40; wind speed (m/s): mean = 3.74 ± 0.20, high = 7.53 ± 0.20; precipitation (cm): mean = 0.29 ± 0.13.
Analysis of lure contents
Analysis by GC-FID and GC-MS indicated that the 50% α-copaene lure contained 12 sesquiterpenoids (Table 2) . Although α-copaene was the primary sesquiterpene (mean Fig. 4 Mean (± SEM) volatile emissions quantified from lures containing a 50% α-copaene oil, b high-dose quercivorol (used in field test 1), c high-dose quercivorol (field tests 2 and 4), and d low-dose quercivorol (field tests 3 and 4). For quercivorol lures, quantification is of trans-p-menth-2-en-1-ol, the dominant isomers. All lures were aged in the field for 12 weeks and periodically brought into the laboratory for volatile collections (super-Q adsorbant, 15 min) and analysis by GC-MS content 51.3%), β-caryophyllene was also abundant, constituting 22.5% of the oil. Other major sesquiterpene hydrocarbons included δ-cadinene, α-humulene, and α-and β-cubebene. Caryophyllene oxide was the only oxygenated sesquiterpene found in the lure. α-Copaene is a tricyclic sesquiterpene hydrocarbon and has two enantiomers (Table 3 ). To determine the correct peak assignment in chiral analyses, authenticated (−)-α-copaene (Fluka Chemical Co.) was used as a reference; retention times (R t ) of enantiomers were 27.73 min for (+)-α-copaene and 27.85 min for (−)-α-copaene, with a distribution of 5.72% (+)-α-copaene and 94.28% (−)- (Table 3 ). Additional confirmation was obtained by analysis of the essential oil from Cedrela odorata, previously reported to contain 8% (+)-and 92% (−)-α-copaene (Hardt et al. 1995) . Our HS-SPME-GC enantio analysis of C. odorata volatiles indicated 3.62% (R t : 27.76 min) for (+)-enantiomer and 96.38% (R t : 27.87 min) for (−)-enantiomer. Once the correct peak assignment had been made, contents of the α-copaene lure were co-injected and comparison with reference chromatograms confirmed that the (−)-enantiomer was predominant (99.91%).
GC-FID and GC-MS analyses of the quercivorol lure indicated four peaks: two monoterpene hydrocarbons (α-and β-phellandrene) and two monoterpene alcohols (cis-and trans-p-menth-2-en-1-ol) ( Table 4 ). The electron ionization mass spectra (EI MS) of the predominant peak of monoterpene alcohol (88%) showed a molecular ion at m/z 154 (M + for C 10 H 18 O, 8) with characteristic fragment peaks at m/z 43 (C 3 H 7 , 55), 55 (18), 69 (36), 71 (23), 77 (36), 79 (27), 81 (27), 83 (18), 84 (14), 91 (45) Table 3 Mean (± SD) enantiomeric distribution of α-copaene in the α-copaene-enriched lures (n = 3) using an R t -βDEXse column R t , retention time; AI, arithmetic retention index calculated against n-alkanes using R t -βDEXse column Table 5) . In this paper, cis (Z)-and trans (E)-configuration are defined by the priority of the functional groups attached to the double-bonded atoms, according to the sequence rules of Cahn et al. (1966) ; therefore, (1S, 4R)-and (1R, 4S)-are trans-as the OH is higher than CH 3 and isopropyl group higher than H, and (1S, 4S)-, (1R, 4R)-are cis isomers. With enantiomeric separation of the lure contents, achieved by GC with a chiral β-cyclodextrin capillary column (Rt-βDEXse), the predominant peak was observed to elute after the less abundant isomer. Since pure enantiomers are not available, the elution order of isomers was determined by using a natural source, Haplophyllum tuberculatum essential oil (HTEO), shown previously to contain trans-p-menth-2-en-1-ol (19.2%) and cis-p-menth-2-en-1-ol (13.2%) (AlRehaily et al. 2014) . Based on the SciFinder database, HTEO consists of (1R, 4R)-p-menth-2-en-1-ol and (1R, (Table 5) . Based on results with the HTEO reference oil, we tentatively identified p-menth-2-en-1-ol isomers of the quercivorol lure, in order of elution, as (1S, 4S)-, (1R, 4R)-cis-p-menth-2-en-1-ol and (1S, 4R)-, (1R, 4S)-trans-p-menth-2-en-1-ol. Further support will require isolation of individual enantiomers to determine absolute configurations through a combination of nuclear magnetic resonance (NMR) techniques, circular dichroisim (CD), and optical rotation. 
Discussion
The combination of α-copaene and quercivorol lures is the most effective attractant identified to date for E. nr. fornicatus in Florida. In all four field trials, the combination captured significantly more beetles than the current standard, quercivorol alone, supporting results obtained previously in a series of shorter field tests . Moreover, the present study indicated that the dual lure has a field life of at least 12 weeks under south Florida conditions, due to extended low release of volatiles from the bubble lure formulations. At the two sites with limited availability of dead trees, the combination lure also demonstrated good specificity, with E. nr. fornicatus comprising 86.1 and 98.2% of the total bark and ambrosia beetles captured (field tests 1 and 3, respectively). Sixteen non-target species were intercepted, but the majority were caught in comparable numbers with all treatments (including the unbaited control) and thus regarded as random, passive captures. Only A. devexulus was captured in higher numbers with α-copaene, and T. ricini demonstrated attraction to quercivorol. The enhanced attraction of E. nr. fornicatus to the lure combination is likely the result of the two semiochemicals representing different critical resources for this species. We propose that, as with X. glabratus (Kendra et al. 2014a (Kendra et al. , 2016a Owens et al. 2017 ), (−)-α-copaene is a primary kairomone that plays a dominant role in the host location process of dispersing female E. nr. fornicatus. This appears to be the case with avocado cv 'Donnie,' a preferred host, which has been found to contain high levels of α-copaene in GC-MS analyses of rasped wood (Owens et al. 2018) . In addition, females may utilize the proximo-distal gradients in α-copaene ) to concentrate their attacks at the base of avocado branches. Although one isomer of p-menth-2-en-1-ol is an aggregation pheromone for P. quercivorus, and produced by that species (Kashiwagi et al. 2006; Tokoro et al. 2007) , there is no evidence that any members of the E. nr. fornicatus complex synthesize this compound. It is proposed to be a fungal volatile emitted by Fusarium spp. symbionts ). As such, p-menth-2-en-1-ol may function as a food attractant for female E. nr. fornicatus. A combination of (−)-α-copaene and p-menth-2-en-1-ol may provide a strong signal not only of an appropriate host species, but also of one at the proper stage to support growth of nutritional fungi. This is analogous to what has been reported for X. glabratus, where volatiles from the Raffaelea symbiont were synergistic with host-based odors to increase captures of in-flight females (Kuhns et al. 2014) .
The commercial α-copaene lure contains an essential oil product enriched in this sesquiterpene through fractional distillation (Kendra et al. 2016a) . Our analysis of the oil indicated > 50% α-copaene content, with 99.9% comprised of the (−)-enantiomer, but there are 11 other terpenoid constituents in this oil. After (−)-α-copaene, the most abundant compound is β-caryophyllene (22.5%), but there are appreciable quantities of other sesquiterpenes, including δ-cadinene (9.9%), α-humulene (4.2%), and α-cubebene (2.7%). All of these are hypothesized to be components of the host bouquet detected by female X. glabratus (Kendra et al. , 2014a (Kendra et al. , 2015b (Kendra et al. , 2016a Niogret et al. 2011) . Given the similarities between X. glabratus and E. nr. fornicatus , these compounds should be evaluated as potential attractants (alone or as synergists) for E. nr. fornicatus. It is also worth noting that the combination lure, with sustained α-copaene emissions, is effective for sensitive detection of X. glabratus (field tests 2 and 3), despite the rarity of this species in agro-ecosystems (Carrillo et al. 2012; Kendra et al. 2015a) . Therefore, the two-component lure serves a dual purpose for detection of both disease vectors for at least 3 months in Florida.
Analysis of the quercivorol lure indicated that the predominant component is trans-p-menth-2-en-1-ol (88%). This determination, based on the sequence rules established by Cahn et al. (1966) , is consistent with identification of the trans-isomer as the aggregation pheromone for P. quercivorus (Kashiwagi et al. 2006 ). [Note: There is a lack of consensus regarding nomenclature; other authors refer to (1S, 4R)-p-menth-2-en-1-ol as a cis-isomer (Mori 2006; Tokoro et al. 2007; Blair and Tuck 2009)] . However, our chiral analysis indicated that the trans-isomer component is comprised of 45% (1S, 4R)-and 55% (1R, 4S)-enantiomers, so it is not clear which enantiomer is attractive to Euwallacea spp.; it may not be the (1S, 4R)-enantiomer attractive to P. quercivorus. Although reformulated recently to a low-dose mini-bubble lure (in response to dose effects reported for the California species; Dodge et al. 2017) , there was no decrease in efficacy for attraction of Florida E. nr. fornicatus, as documented by captures in field test 4. This suggests that female E. nr. fornicatus can detect p-menth-2-en-1-ol at very low levels, consistent with electroantennographic analyses of dose-dependent olfactory responses recorded by Kendra et al. (2017) . Release rates are important in modulating insect behavior; host-or food-based attractants may become repellent if present at high concentrations (e.g., ammonia, a protein feeding cue; Bateman and Morton 1981; Kendra et al. 2005 ); this appears to apply to PSHB and KSHB with higher doses of p-menth-2-en-1-ol (Dodge et al. 2017) . Although emissions of p-menth-2-en-1-ol were detected for 12 weeks with two batches of quercivorol lures, one batch of lures lost efficacy after 8-9 weeks. This may have been due to higher mean temperatures and precipitation during this sampling period (August-November 2016), which contributed to more rapid elution of volatiles. Despite a shorter field life of the quercivorol component, the lure combination captured E. nr. fornicatus for the duration of the 12 week test (field test 1).
Ethanol is another semiochemical that warrants further investigation for E. nr. fornicatus in Florida. Ethyl alcohol, a common attractant for secondary ambrosia beetles (Miller and Rabaglia 2009) , was found to be repellent for species in California, decreasing captures when combined with quercivorol lures (Dodge et al. 2017) . In contrast, lowdose ethanol was shown to be a weak attractant for Florida E. nr. fornicatus Kendra et al. 2015a) , and may potentially synergize attraction when added to the two-component lure. Ethanol is also reported to be an attractant for TSHB in Asia (Karunaratne et al. 2008) , a species to which Florida E. nr. fornicatus is proposed to be more closely related than PSHB and KSHB . However, incorporation of ethanol is likely to increase capture of non-target ambrosia beetles (Kendra et al. 2014b; Owens et al. 2017) .
Although our tests were conducted in avocado groves, the combination of α-copaene and quercivorol lures will be highly effective for early detection of E. nr. fornicatus in other susceptible ecosystems, including forests and urban settings. For example, while surveying an avocado grove at the University of Florida, Homestead ), large numbers of E. nr. fornicatus were caught with the two-component lure, but no infested avocado trees could be found in near proximity. Inspection of an adjacent woodland revealed infestations of E. nr. fornicatus in several trees, which led to the discovery of two new host species: Lysiloma latisiliquum and Albizia lebbeck (L.) Bentham (Fabaceae) (Owens et al. 2018) . Area-wide surveys with this improved detection system are needed to determine the beetle's host range and to assess risk posed to both native and ornamental flora in Florida. With X. glabratus, the pathway of spread progressed from north to south via native trees (several Persea species), bringing laurel wilt to the avocado production area in southernmost Florida Ploetz et al. 2017b) . With E. nr. fornicatus, the pathway is likely to proceed in the opposite direction. Large breeding populations in the avocado monocultures of Miami-Dade County may provide a source of dispersing females that can colonize nearby trees in natural and urban areas. Since avocado is a common backyard fruit tree throughout the state (Carrillo et al. 2012) , this host may facilitate northward invasions. In addition, global commerce (anthropogenic transport of infested material) may provide another pathway for spread of adventive ambrosia beetles from Florida to neighboring regions. Based on our initial reports (Kendra et al. 2016a , SAGARPA (Secretaría de Agricultura, Ganadería, Desarrollo Rural, Pesca y Alimentación) in Mexico is now using the two-component lure in survey programs for E. nr.
fornicatus and X. glabratus in high-risk areas (ports, international borders, and avocado production regions).
Since only females of Euwallacea spp. engage in flight, these pests are good candidates for population suppression through mass trapping, particularly in managed groves and urban environments. Feasibility of this strategy requires a highly attractive long-lasting lure, knowledge of the lure's effective attraction radius, and an inexpensive trap (Byers et al. 2017) . Based on evaluations of the same quercivorol product used in our studies, Byers et al. (2017) concluded that this single bait, deployed in sticky traps, meets the criteria for mass trapping of PSHB, especially in the early spring prior to peak female dispersal. With E. nr. fornicatus in Florida, the two-component lure is more attractive than quercivorol alone, and therefore should be appropriate for mass trapping. Efficacy of this approach may potentially be increased by implementing a 'push-pull' system (Gillette et al. 2012 )-combining a repellent (e.g., verbenone, Hughes et al. 2017) to 'push' beetles away from susceptible hosts along with a strong attractant to 'pull' beetles toward the traps-but this needs to be confirmed through field evaluations.
In conclusion, better detection of pest E. nr. fornicatus in Florida is accomplished using a combination of commercially available α-copaene and quercivorol lures. This two-component bait has field longevity of 12 weeks, attracts low numbers of non-target bark and ambrosia beetles, and has potential application for pest suppression by mass trapping. Further experimental research is needed to determine (1) which isomer(s) of p-menth-2-en-1-ol is attractive to Florida E. nr. fornicatus, (2) if ethanol can supplement the two-component lure to further improve pest detection, and (3) if (−)-α-copaene is attractive to other members of this cryptic species complex, in which case the two-component lure would constitute a significant improvement for detection of multiple invasive pests.
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